Abstract-Hypertension is a known risk factor for the development of atherosclerosis. To assess how mechanical factors contribute to this process, mouse carotid arteries were maintained in organ culture at normal (80 mm Hg) or high (150 mm Hg) intraluminal pressure for 1, 6, 12, or 24 hours. Thereafter, fluorescent human monocytic cells (U937) were injected intraluminally and allowed to adhere for 30 minutes before washout. A therosclerosis is an inflammatory disease characterized by an accumulation of leukocytes, lipids, and fibrous tissue in the intima of arteries. In the early phases of atherosclerotic plaque development, activated endothelial cells express elevated amounts of adhesion molecules such as selectins (P-selectin and E-selectin) and intracellular (ICAM-1), vascular (VCAM-1), and platelet endothelial cell (PECAM-1) adhesion molecules at their surface. Cytokines and chemokines are also secreted in excess by activated vascular cells. These conditions favor the recruitment and the accumulation of monocytes and lymphocytes in the intima of vessels. 1 It is well known that the zones of the vascular tree where blood flow is disturbed or oscillatory are predisposed to the formation of atherosclerotic lesions, whereas vessels exposed to laminar shear stress remain relatively plaque-free, 2 mostly credited to local release of NO. 3 However, blood pressure also influences plaque formation, arterial hypertension being an independent risk factor for atherosclerosis. 4 In hypertensive patients, high concentrations of circulating ICAM-1, VCAM-1, and E-selectin, 5 as well as monocyte chemoattractant protein (MCP-1), 6 have been reported. Experimental animal models have also linked hypertension with cytokine and adhesion molecule expression, as well as the propensity for atherosclerotic plaque development. The expression of MCP-1 is more prevalent in the aorta of hypertensive SHR rats than that of control Wistar rats. 7 Moreover, chronic hypertension caused by endothelial NO synthase (eNOS) deficiency 8 or induced by clamping renal arteries 9 or by aortic constriction 10 exacerbates atherosclerosis in ApoE Ϫ/Ϫ mice. However, the direct role of arterial pressure in the development of atherosclerotic plaques has not yet been clearly demonstrated.
A therosclerosis is an inflammatory disease characterized by an accumulation of leukocytes, lipids, and fibrous tissue in the intima of arteries. In the early phases of atherosclerotic plaque development, activated endothelial cells express elevated amounts of adhesion molecules such as selectins (P-selectin and E-selectin) and intracellular (ICAM-1), vascular (VCAM-1), and platelet endothelial cell (PECAM-1) adhesion molecules at their surface. Cytokines and chemokines are also secreted in excess by activated vascular cells. These conditions favor the recruitment and the accumulation of monocytes and lymphocytes in the intima of vessels. 1 It is well known that the zones of the vascular tree where blood flow is disturbed or oscillatory are predisposed to the formation of atherosclerotic lesions, whereas vessels exposed to laminar shear stress remain relatively plaque-free, 2 mostly credited to local release of NO. 3 However, blood pressure also influences plaque formation, arterial hypertension being an independent risk factor for atherosclerosis. 4 In hypertensive patients, high concentrations of circulating ICAM-1, VCAM-1, and E-selectin, 5 as well as monocyte chemoattractant protein (MCP-1), 6 have been reported. Experimental animal models have also linked hypertension with cytokine and adhesion molecule expression, as well as the propensity for atherosclerotic plaque development. The expression of MCP-1 is more prevalent in the aorta of hypertensive SHR rats than that of control Wistar rats. 7 Moreover, chronic hypertension caused by endothelial NO synthase (eNOS) deficiency 8 or induced by clamping renal arteries 9 or by aortic constriction 10 exacerbates atherosclerosis in ApoE Ϫ/Ϫ mice. However, the direct role of arterial pressure in the development of atherosclerotic plaques has not yet been clearly demonstrated.
A recent study performed in our laboratory showed that stretch of the arterial wall caused by an increase in the intraluminal pressure induces the activation and nuclear translocation of the transcriptional factor nuclear factor B (NF-B). 11 This factor intervenes in the transcription of a large number of inflammatory genes coding for cytokines, chemokines, and adhesion molecules. 12 Consequently, we hypothesized that high arterial pressure could contribute to the development of atherosclerotic lesions directly by inducing monocyte adhesion via NF-B. Using an in vitro organ culture model of whole vessel, we assessed monocyte adhesion to the vascular endothelium of arteries kept at normal or high pressure. We also evaluated which adhesion molecules and chemokines might be implicated in this process and verified their induction by NF-B.
Materials and Methods
An expanded Materials and Methods section is available in the online data supplement at http://circres.ahajournals.org.
Organ Culture
Mouse left and right carotid arteries were isolated, cannulated at both extremities, and immersed in an organ culture bath filled with DMEM (Gibco BRL) supplemented with 5% FCS as described previously. 11 Each arterial segment was connected to a closed perfusion circuit consisting of a 3-port reservoir, a peristaltic pump (Alitea), and a pressure chamber allowing for the application of a controlled intraluminal hydrostatic pressure. Organ culture of carotid segments was performed under sterile conditions in an incubator containing 5% CO 2 at 37°C. The flow was set at 1.38 mL/min, allowing for renewal of the medium within the intraluminal space while creating minimal shear forces (0.5 dyne/cm 2 ). Likewise, to avoid the potentially confounding effect of cyclic stretch vessels were exposed to steady, continuous stretch, although we have previously shown that NF-B is not induced in pulsatile vessels. 13 Arterial segments were maintained at an intraluminal pressure of 80 mm Hg for 1 hour for stabilization after surgery. Thereafter, vessels were exposed to a pressure of 80 mm Hg or 150 mm Hg for 1, 6, 12, or 24 hours. High pressure imposed a stretch corresponding to a 20Ϯ3% increase in diameter.
Most experiments were undertaken using vessels from C57BL/6 mice. However, arteries from mice overexpressing (eNOS-tg) and underexpressing (eNOS Ϫ/Ϫ ) eNOS described previously, 14 or their wild-type littermates were also used where indicated. In 1 set of experiments, vessels maintained for 24 hours at 80 mm Hg were treated with lipopolysaccharide (LPS) (10 g/mL). Some arteries kept at 80 or 150 mm Hg for 24 hours were incubated with the NF-B inhibitor peptide SN50 (AAVALLPAVLLALLAP-VQRKRQKLMP, 50 g/mL; Upstate Biotechnology), with the pharmacological inhibitor of NF-B ammonium pyrrolidine dithiocarbamate (10 mol/L; Sigma), or with the eNOS inhibitor N-nitro-L-arginine methyl ester (L-NAME) (10 mol/L, Sigma) added to the culture medium at the onset of the equilibration period.
Fluorescent Cell Preparation
Cells of the human monocytic cell line U937 were cultivated in RPMI medium 1640 (GIBCO BRL) containing penicillin (100 UI/L) and supplemented with 5% FCS (Boehringer-Mannheim). U937 cells were labeled with 0.5 mol/L fluorescent dye (CellTracker Orange CMTMR; Molecular Probes). Briefly, the cells were incubated with the fluorescent dye for 30 minutes and then resuspended in culture medium.
To circumvent a potential direct effect of pressure on U937 adhesion, the intraluminal pressure of all vessels was reset to 80 mm Hg 30 minutes before intraluminal cell injection. The fluorescent U937 cells were injected in the lumen of cultured vessels by the distal end and allowed to interact for 30 minutes (5ϫ10 6 cells/mL). After a 10-minute washout at low-flow shear stress (0.5 dyne/cm 2 ), vessels were fixed in 4% paraformaldehyde for 15 minutes. Adherent cells were counted under a fluorescence microscope. In some experiments, blocking antibodies targeting VCAM-1 (25 g/mL; AF643), ICAM-1 (5 g/mL; AF796), MCP-1 (100 g/mL; AB479), interleukin (IL)-6 (1 g/mL; AF406), or keratinocyte-derived chemokine (KC) (10 g/mL; AF453) (R&D Systems) were added to the intraluminal compartment 30 minutes before U937 injection. Alternatively, U937 cells were incubated with a blocking anti-␣ 4 (5 g/mL, BBA37; R&D Systems) or anti-␤ 1 integrin antibody (5 g/mL, 553715; BD PharMingen), or with a nonblocking anti-␣ 4 antibody (5 g/mL, 9C10; Research Diagnostics), before being injected in vessels.
Immunohistochemical Analysis and Quantitative RT-PCR
Details regarding immunohistochemical analysis and quantitative RT-PCR appear in the online supplement. Primary goat polyclonal antibodies used for immunohistochemistry and targeting VCAM-1, ICAM-1, E-selectin, MCP-1, IL-6, and KC, were obtained from Santa Cruz Biotechnology. All primers were designed using Primer Express 2 Software and are reported in the Table.
Cell Adhesion Assay
Cell culture plates were coated with recombinant mouse VCAM-1/Fc chimera (2 g/mL; R&D Systems) at 4°C overnight. After washout, saturation with 2% BSA was performed for 1 hour. Fluorescent U937 cells (10 3 /well) were made to adhere untreated or in presence of recombinant mouse IL-6 (0.06 ng/mL), MCP-1 (10 ng/mL), and/or KC (5 ng/mL; R&D Systems) for 1 to 30 minutes. In another set of experiments, fluorescent U937 were made to adhere for 30 minutes in the presence of a blocking anti-␣ 4 (5 g/mL; R&D Systems) or anti-␤ 1 (5 g/mL; PharMingen) integrin antibody. After washout, adherent U937 cells were counted under a fluorescence microscope.
Statistics
The data are presented as meanϮSEM. Data were analyzed by ANOVA, and when results were found to be significant, comparisons were performed by Bonferroni test or Student's paired t test (to 
Results

Pressure Induces Monocytic Cell Adhesion via NF-B
The effects of high intraluminal pressure on monocytic cell adhesion were first assessed in carotid arteries maintained in culture for 1, 6, 12, or 24 hours at 80 or 150 mm Hg ( Figure  1A ). Figure I in the online data supplement). Thus, maintenance of vessels at high intraluminal pressure for at least 12 hours favors monocytic cell adhesion. We have previously shown that high pressure induces NF-B in cultured arteries. 11, 15 To evaluate the role of NF-B in pressure-dependent U937 binding to the vascular wall, some carotid arteries were treated for 24 hours with SN50, an inhibitor that binds the nuclear localization sequence on NF-B and prevents its translocation to the nucleus. We confirmed that phosphorylation of the p65 subunit of NF-B and its nuclear translocation was significantly more prevalent in vessels kept at 150 mm Hg for 24 hours than in arteries at 80 mm Hg, and that SN50 prevented these effects (supplemental Figure II ). Baseline monocytic cell adhesion was not significantly affected by the NF-B inhibitor treatment in vessels kept at 80 mm Hg. However, in vessels at high pressure, SN50 treatment prevented the increase U937 adhesion (4.4Ϯ1.5 cells/mm at 80 mm Hg versus 8.2Ϯ3.2 cells/mm at 150 mm Hg) ( Figure 1A) . Similar results were obtained with the NF-B inhibitor ammonium pyrrolidine dithiocarbamate (data not shown). Therefore, we concluded that high pressure induces monocytic cell adhesion via activation of the NF-B pathway.
Pressure-Dependent Monocytic Cell Adhesion Is Equivalent to LPS Stimulation
To compare the effects of the stretch stimulus to a more traditional inflammatory mediator, vessels were cultured for 24 hours at 80 mm Hg and treated with or without LPS, a known activator of endothelial cells. 16, 17 We found that the number of adherent U937 cells in arteries incubated with LPS (18.7Ϯ3.5 cells/mm) was almost 3-fold greater than that in arteries cultured without LPS (5.9Ϯ1.6 cells/mm; PϽ0.05) ( Figure 1B ), equivalent to that induced by high pressure.
Pressure-Dependent Expression of Adhesion Molecules and Chemokines
We then studied the expression of adhesion molecules and chemokines potentially involved in regulating monocytic cell adhesion to the vascular wall. Quantitative RT-PCR of genes encoding VCAM-1, ICAM-1, E-selectin, MCP-1, IL-6, and KC was undertaken in vessels maintained for 24 hours at normal or high intraluminal pressure (Figure 2 ). On the one hand, the expression of ICAM-1 and E-selectin was not different in vessels maintained at 80 or 150 mm Hg. On the other hand, the expression of VCAM-1, MCP-1, KC, and IL-6 was, respectively, 2.0Ϯ0.1-, 8.1Ϯ2.0-, 9.8Ϯ2.8-, and 5.8Ϯ0.1-fold greater at 150 mm Hg than at 80 mm Hg (PϽ0.05).
To verify whether pressure-dependent changes in mRNA expression corresponded to modified protein content, immunohistologic staining for cytokines and adhesion molecules was evaluated. High pressure did not alter the expression of E-selectin in vessels ( Figure 3A) , whereas staining for ICAM-1 and VCAM-1 was significantly enhanced in vessels incubated for 24 hours at 150 mm Hg compared with arteries kept at 80 mm Hg ( Figure 3A) . Quantification of relative vessel wall surface staining revealed greater expression of ICAM-1 in the endothelium (6.9Ϯ0.9% versus 1.8Ϯ0.5%, PϽ0.01) and more VCAM-1 in the endothelium and the media (25.8Ϯ3.5% versus 9.8Ϯ1.6%, PϽ0.001) of arteries at 150 mm Hg compared with 80 mm Hg ( Figure 3B ). The expression of MCP-1, IL-6, and Figure 3A and 3B) . In all cases, incubation of vessels with the inhibitor of NF-B reduced the intensity of immunostains such that protein expression of the cytokines and adhesion molecules no longer differed between 80 and 150 mm Hg ( Figure 3A and 3B). These immunohistologic studies indicated that high intraluminal pressure induces an increase in the vascular expression of adhesion molecules and chemokines via the NF-B pathway.
Riou et al Stretch-Induced NF-B Promotes Atherosclerosis
Adhesion Molecules and Chemokines Contribute to Pressure-Dependent Monocytic Cell Adhesion
To determine the relative importance of adhesion molecules and cytokines in pressure-dependent U937 adhesion, vessels maintained for 24 hours at 80 or 150 mm Hg were treated with blocking antibodies directed against these proteins for 1 hour before the intraluminal monocytic cell injection. The anti-ICAM-1 antibody did not affect U937 adhesion at all in vessels cultured at 80 mm Hg (10.9Ϯ2.5 cells/mm) or 150 mm Hg (24Ϯ3.8 cells/mm), such that the difference between the 2 remained significant (PϽ0.01) (Figure 4 ). In comparison, there was complete inhibition of pressuredependent U937 adhesion in vessels treated with antibodies directed against VCAM-1 or MCP-1 (7.0Ϯ0.4 cells/mm and 6.8Ϯ1.3 cells/mm at 150 mm Hg, respectively; PϽ0.001 versus 150 mm Hg untreated). Blocking IL-6 and KC strongly reduced the number of adherent monocytic cells associated with high pressure (PϽ0.001), although a small increment in U937 adhesion was still distinguishable in arteries kept at 150 mm Hg compared with 80 mm Hg (PϽ0.05).
The direct effect of chemokines on monocytic cell adhesiveness was verified an in vitro cell adhesion assay, which was performed using fluorescent U937 cells made to adhere to VCAM-1-coated plates. U937 adhesion was bolstered by cytokine treatment (MCP-1, IL-6 and KC), reaching 223.0Ϯ9.8 cells/well at 30 minutes compared with 102.5Ϯ18.5 cells/well for untreated monocytes ( Figure 5A ). Cell adhesion on plastic was negligible. The independent effect of MCP-1, IL-6, and KC on monocytic cell adhesion was evaluated at 30 minutes ( Figure 5B ). All 3 cytokines induced a significant increase in U937 adhesion to VCAM-1 compared with control (119.8Ϯ16.7 cells/well), rising to 169.8Ϯ17.4 (MCP-1), 162.8Ϯ15.0 (IL-6), and 167.0Ϯ15.7 cells/well (KC) (PϽ0.05), and they exerted an additive effect on U937 adhesion to VCAM-1 (244.7Ϯ26.0 cells/well; PϽ0.01).
Role of ␣ 4 and ␤ 1 Integrins in Pressure-Dependent Monocytic Cell Adhesion
To establish that monocytic ␣ 4 ␤ 1 , known to interact with endothelial VCAM-1, was implicated in pressure-dependent monocyte adhesion, U937 cells were treated with blocking antibodies directed against ␣ 4 or ␤ 1 integrin for 1 hour before 
Enhanced NO Production Prevents Pressure-Induced Monocyte Adhesion
The protective effect of shear stress is mostly attributable to the local synthesis and release of NO via activation of eNOS. To verify whether the protective effects of NO may counterbalance the proatherosclerotic effects of high pressure, we verified stretch-induced U937 adhesion in vessels obtained from mice overexpressing (eNOS-tg) or underexpressing (eNOS Ϫ/Ϫ ) endothelial NO synthase, or from wild-type littermates. As demonstrated in Figure 7 , lack of NO synthase in eNOS Ϫ/Ϫ vessels did not affect high-pressure-induced monocyte adhesion, but overexpression of eNOS was accompanied by a marked reduction of U937 binding in vessels maintained at 150 mm Hg, such that cell adhesion levels no longer varied between arteries exposed to normal or high pressure. Treatment of vessels with L-NAME restored the stretch-dependent increment in monocyte adhesion in eNOS-tg vessels but did Carotid arteries from eNOS-overexpressing (eNOS-tg), eNOS knockout, and wild-type littermates were maintained for 24 hours at 80 of 150 mm Hg, with or without L-NAME treatment, before U937 cell injection. Monocytic cell adhesion was similarly increased in wild-type and eNOS Ϫ/Ϫ carotids exposed to high intraluminal pressure. This response was blunted in arteries of eNOS-tg mice but was restored by treatment with L-NAME. The data are meansϮSEM of nϭ6 to 8 experiments. *PϽ0.05, **PϽ0.01, ***PϽ0.001 vs 80 mm Hg.
not affect U937 binding in vessels from eNOS Ϫ/Ϫ mice or wild-type littermates.
Discussion
The present study reveals that exposing arteries to high intraluminal pressure induces the expression of adhesion molecules and cytokines by endothelial and smooth muscle cells, leading to increased monocyte adhesion to the vascular wall. Moreover, we show that NF-B plays a central role in this mechanosensitive process. To the best of our knowledge, this is the first demonstration of a direct proatherogenic effect of pressure alone, independent of hormonal conditions associated with hypertension.
Many studies in human subjects and animal models have described an association between hypertension and increased atherosclerotic plaque formation. 6 -10,18 However, it was recently demonstrated in a rat model of aortic coarctation that enhanced expression of adhesion molecules occurred only in aortic segments exposed to a high pressure. 19 Similarly, in a rabbit model of experimental atherosclerosis with aortic stenosis, monocyte adhesion and expression of VCAM-1 were more prevalent in the proximal aorta, where pressure is elevated than the normotensive distal aorta. 20 These reports showed that high pressure is necessary to stimulate monocyte adhesion. Nevertheless, increased levels of angiotensin II, which characterize these models, may very well have acted synergistically with the applied stretch to produce proatherosclerotic effects. Indeed, angiotensin-converting enzyme inhibitors and angiotensin II type 1 receptor blockers prevent adhesion molecule overexpression as well as monocyte infiltration in hypertensive transgenic rats 21, 22 and are associated with reduced plaque size in hypertensive ApoE Ϫ/Ϫ , eNOS Ϫ/Ϫ mice. 8 However, our study clearly demonstrates that the hypertensive mechanical environment is sufficient to elicit chemokine and adhesion molecule expression leading to monocyte adhesion to the vascular wall, in the absence of confounding hormonal factors. Moreover, even adding angiotensin II to the culture medium did not enhance U937 adhesion to the vessel wall, either at normal or high pressure, indicating that stretch is a more potent stimulus of monocytic cell adhesion than angiotensin II in whole arteries, at least in the ex vivo setting. Arteries are exposed to a complex mechanical environment, including both cyclic strain and shear stress. Some studies have shown that exposing smooth muscle cells to cyclic stretch stimulates the expression of IL-6 and IL-8 via the activation of c-Jun N-terminal kinase and NF-B pathways, 23, 24 whereas cyclic stretching of endothelial cells is associated with increased expression of ICAM-1 25 and E-selectin, along with greater monocyte adhesion. 26 Reproducing the tonic component of vessel stretch, continuous stretch also stimulated the expression of IL-6 via NF-B in cultured endothelial cells. 27 Nevertheless, the phenotype of vascular cells is deeply altered in vitro, such that the responses to mechanical stimuli differ significantly from in vivo conditions, where cells are exposed to a complex, tensile and 3D matricial environment. Indeed, unlike what is reported in vascular cells in vitro, cyclic stretch did not activate NF-B in whole vessels. 13 Moreover, exposing arteries to a normotensive degree of stretch (80 mm Hg), sufficient to maintain smooth muscle cell phenotype, 28 did not activate NF-B or induce monocyte adhesion in the present study. High intraluminal pressure alone, reminiscent of the hypertensive state, stimulated NF-B-dependent expression of chemokines and adhesion molecules, allowing for monocytic cell adhesion. On the other hand, overexpression of eNOS, associated with enhanced NO release, 14 blunted these proatherosclerotic effects of high pressure in vessels from eNOS-tg mice. Hence, hypertensive mechanical conditions facilitate atherosclerotic plaque formation in vascular regions where blood flow is low or oscillatory, whereas the protective effect NO release prevails in vessels exposed to laminar shear stress.
It has been shown that monocytes preincubated with MCP-1 and IL-8 adhere on endothelial cells. 29 Likewise KC, the murine homologue of IL-8, 30 but not MCP-1, triggered monocyte arrest on early atherosclerotic endothelium in a reconstituted flow chamber system, and blockade of ␣ 4 ␤ 1 integrins or VCAM-1, but not ICAM-1, inhibited this process. 31 Moreover, VCAM-1 and its ligand ␣ 4 ␤ 1 are critical for monocyte rolling and adhesion in early atherosclerotic lesions, 32 and formation of lesions is markedly reduced in atherosclerosis-prone mice after peptide perfusion to block ␣ 4 ␤ 1 , compared with unperfused mice. 33 In the present study, we found that high pressure increases the endothelial expression of ICAM-1 and induces a strong overexpression of VCAM-1, MCP-1, IL-6, and KC in all vascular cells, through induction of NF-B. In agreement with the previous studies cited above, we demonstrated that monocyte adhesion occurs via the interaction of ␣ 4 ␤ 1 integrins with VCAM-1 rather than ICAM-1. However, blockade of MCP-1, IL-6, or KC led to a strong decrease in monocyte adhesion to the vascular wall, and our in vitro studies confirmed that all 3 cytokines are necessary to prime monocyte adhesion. This contrasts with a previous report establishing that KC plays a predominant role in mediating monocyte adhesion in vessels from ApoE Ϫ/Ϫ mice fed a Western-type diet 31 ; disparities between that study and our present findings indicate that the nature of the proatherosclerotic stimulus may influence which chemokines participate in monocyte recruitment. Regardless, beyond the initial endothelial cell adhesion step, the enhanced VCAM-1 and chemokine expression observed in smooth muscle cells of arteries at high intraluminal pressure could facilitate inflammatory cell infiltration in the vascular wall. Finally, the fact that all of the outcomes of high pressure described here could be reversed by blocking NF-B highlights the key role of this transcription factor in the deleterious, proatherosclerotic effects associated with hypertensive conditions. In summary, our results demonstrate that high intraluminal pressure alone, in the absence of external hormonal factors, is sufficient to induce chemokine and adhesion molecule expression and to trigger monocyte adhesion to the vascular wall. More importantly, our work indicates that high blood pressure may directly contribute to the development of atherosclerosis though induction of NF-B, suggesting that this pathway may provide an interesting therapeutic target to counter adverse effects of hypertension.
